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PREFACE 


This  report  contains  the  results  of  a  program  to  design,  fabri¬ 
cate,  and  test  an  integrated  survivable  main  transmission 
system  for  the  AH-IG/Q  helicopter  which  would  be  capable  of  60 
minutes  of  operation  following  the  loss  of  the  normal  lubrica¬ 
tion  system.  This  program  was  conducted  by  Bell  Helicopter 
Company  (BHC)  for  the  Eustis  Directorate,  U.  S.  Army  Air  Mobil¬ 
ity  Research  and  Development  Laboratory  (USAAMRDL)  from  January 
1974  to  August  1975  under  Contract  DAAJ02-74-C-0019 . 

USAAMRDL  technical  direction  was  provided  by  Harold  Holland. 

The  program  was  conducted  under  the  technical  direction  of 
C.  E.  Braddock,  Project  Engineer,  of  the  BHC  Transmission 
Design  Group.  Technical  assistance  was  provided  by  C.  A. 
Turner,  J.  H.  Drennan,  C.  L.  Baskin,  and  D.  J.  Richardson 
of  the  BHC  Transmission  Design  Group  and  R.  T.  Jenkins,  J.  D. 
Rockwood,  and  P.  G.  Williams  of  the  BHC  Transmission  Research 
Laboratory. 
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1 . 0  INTRODUCTION 


Recent  combat  operations  have  shown  that  the  helicopter  power 
train  is  highly  susceptible  to  combat  damage  due  to  the  remote 
location  of  components  that  serve  the  main  rotor  transmission. 
Ballistic  damage  can  be  severe  enough  to  cause  loss  of  lubri¬ 
cant  to  the  rolling  elements,  such  as  gears  and  bearings,  and 
thus  limit  the  time  that  a  pilot  has  to  return  to  a  friendly 
territory. 

Under  previous  contractual  research  efforts,  many  zero  lubri¬ 
cation  concepts  for  helicopter  transmissions  have  demonstrated 
various  degrees  of  survivability  after  complete  or  partial  loss 
of  conventional  lubrication. 

The  objective  of  the  work  performed  under  this  contract  was  to 
utilize  the  results  of  the  previous  research  efforts,  conduct 
an  engineering  analysis  of  the  AH-IG/Q  helicopter  transmission, 
prepare  a  design  of  an  ingegrated  main  transmission,  and  dem¬ 
onstrate  by  test  that  it  would  be  capable  of  operation  for  60 
minutes  after  loss  of  the  regular  lubrication  system.  Design 
considerations  included  minimizing  modifications  to  the  exist¬ 
ing  AH-IG/Q  helicopter  transmission. 

Phase  I  of  this  contract  included  analysis  and  preliminary 
design.  Utilizing  the  results  of  previous  research  efforts 
involving  survivable  transmission  system  concepts,  an  engineer¬ 
ing  analysis  was  conducted  to  determine  the  most  suitable  tech¬ 
niques  for  continuous  lubrication  and  heat  rejection  for  incor¬ 
poration  in  a  preliminary  design  of  an  integrated  survivable 
transmission  system.  The  analysis  included  reliability,  main¬ 
tainability,  cost,  and  weight  considerations.  It  was  determined 
that  a  system  including  an  emergency  oil  sump  with  a  mechanical¬ 
ly  driven  emergency  pump  integrated  in  the  main  transmission 
housing  showed  the  most  promise  in  meeting  the  program  objective 
of  60  minutes  of  operation  after  loss  of  normal  lubrication. 
Component  improvements  which  will  be  discussed  later  were  also 
proposed. 

Phase  II  included  incorporating  the  proposed  modifications  in  an 
existing  transmission.  Detail  and  assembly  drawings  of  the  inte¬ 
grated  trasmission  system  were  prepared  and  one  integrated 
transmission  system  was  fabricated  and  assembled. 

Phase  III  was  the  test  program.  This  included  functional  tests 
to  determine  the  transmission  response  to  the  emergency  lubrica¬ 
tion  system  and  the  emergency  lubrication  60-minute  run  to  deter¬ 
mine  the  time  the  transmission  could  be  successfully  operated 
at  950  horsepower  with  the  emergency  lubrication  system  operat¬ 
ing. 
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2.0  PRESENT  AH-1  TRANSMISSION 


Shown  in  Figure  1  is  the  present  Bell  AH-IG  type  main  transmis¬ 
sion.  It  is  a  typical  Bell  UH-1  type  configuration  consisting 
of  a  bevel  gear  set  at  the  main  input  from  the  engine  supported 
by  a  triplex  ball  bearing  and  a  roller  bearing.  This  input 
bevel  set  drives  the  helicopter  mast  through  two  planetary  gear 
trains.  The  tail  rotor  drive  system  is  also  driven  by  the 
input  bevel  set  through  a  spur  gear  set  and  a  bevel  gear  set. 
This  transmission  is  rated  at  1100  horsepower  continuous.  The 
lubrication  system  contains  11  quarts  of  oil,  which  are  circu¬ 
lated  by  a  10.5-gallon  per  minute  pump.  During  normal  opera¬ 
tion,  the  oil  supply  is  routed  through  an  oil  cooler  bypass 
valve,  and  then  to  the  transmission  as  shown  schematically  in 
Figure  2.  At  the  transmission,  the  oil  supply  enters  a  manifold 
and  is  fed  to  oil  jets  for  distribution  throughout  the  trans¬ 
mission.  The  bypass  valve  is  simply  a  balanced  piston  device 
which  operates  when  low  pressure  exists  in  the  cooler  loop. 

With  this  system,  if  the  cooler  and  its  associated  lines  sus¬ 
tain  ballistic  damage  or  begin  to  leak,  the  bypass  valve  routes 
the  oil  directly  to  the  transmission  by  sensing  a  pressure  dif¬ 
ference  and  shifting  flow.  This  bypass  valve  in  itself  has 
increased  the  survivability  of  the  AH-IG  helicopter.  A  ballis¬ 
tic  hit  taken  by  the  cooler  or  a  line  between  the  cooler  and 
the  bypass  valve  does  not  result  in  loss  of  the  regular  oil 
supply.  It  simply  results,  in  the  regular  oil  supply  not  being 
cooled.  This  system  is  still  vulnerable  to  ballistic  damage 
in  the  lubrication  lines  other  than  the  cooler  loop  or  a  bal¬ 
listic  hit  in  the  main  sump.  Either  of  these  would  result  in 
complete  lubrication  loss  and,  hence,  a  7-  to  9-minute  trans¬ 
mission  life  based  on  actual  field  data  and  failsafe  testing 
conducted  at  BHC. 


3.0  DESCRIPTION  OF  SURVIVABILITY  PROBLEM  AREAS 

The  first  step  in  designing  a  transmission  capable  of  60  min¬ 
utes  of  operation  following  loss  of  normal  lubricant  was  to 
define  the  components  of  the  transmission  which  severely  limit 
transmission  life  after  lubrication  is  lost.  Previous  ther¬ 
mal  mapping  tests!  and  actual  loss-of-oil  failures  pointed 


Drennan,  J.  H.,  and  Walker,  R.  D. ,  Transmission  Thermal  Map¬ 
ping  (UH-1  Main  Rotor  Transmission) ,  USAAVLABS  Technical 
Report  73-90,  U.  S.  Army  Aviation  Materiel  Laboratories, 

Fort  Eustis,  Virginia,  December  1973. 
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Figure  2.  Schematic  of  present  AH-lG/Q  lubrication  system. 


out  several  problem  areas.  The  main  input  to  the  transmission 
from  the  engine  is  a  primary  problem  area  due  to  the  high  oper¬ 
ating  speeds  and  high  loads  generated  in  this  area.  A  triplex 
ball  bearing  set  and  a  single  roller  bearing  support  a  bevel 
pinion  in  this  input  quill.  Heat  generation  after  loss  of 
lubricant  in  this  area  is  extremely  high,  and  as  presently 
designed,  the  life  of  this  quill  is  only  about  7  to  9  min¬ 
utes  following  lubrication  loss.  The  mode  of  failure  in 
this  area  is  usually  seizure  of  the  triplex  ball  bearing  due  to 
loss  of  internal  clearance  as  a  result  of  thermal  expansion  of 
the  bearing  components  or  failure  of  the  bevel  pinion  teeth  due 
to  loss  of  backlash  as  a  result  of  thermal  expansion. 

Previous  fail-safe  tests  performed  at  BHC  have  indicated  that 
the  planetary  assemblies  are  also  a  major  life-limiting  area 
following  loss  of  lubrication.  The  lower  planetary  assembly 
contains  bronze  roller  bearing  retainers  which  have  low  strength 
in  the  high-temperature  range  of  marginal  lubrication  or  dry 
operation.  During  two  of  the  fail-safe  test  runs,  failures 
after  I  minutes  and  after  6  minutes  20  seconds  of  nonlu- 
bricated  running  occurred  due  to  the  bronze  roller  bearing 
retainer  transferring  material  to  bearing  races  and  rollers 
which  ultimately  resulted  in  breakage  of  the  tangs  which  retain 
the  rollers.  The  upper  planetary  assembly  contains  nylon  roller 
bearing  retainers  which  are  severely  limited  by  the  melting 
point  of  the  nylon.  After  12  minutes  of  nonlubricated  operation 
during  fail-safe  testing,  failure  occurred  due  to  the  nylon 
retainers  melting  and  flowing  throughout  the  assembly.  These 
tests  also  showed  that  loss-of-lubricant  operation  was  limited 
by  the  loss  of  hardness  of  the  52100  steel  rollers  and  the  car¬ 
burized  thrust  washers  of  the  planetary  assemblies.  During  dry 
operation,  loss  of  clearance  in  the  sun  gear-planet  pinion  mesh 
due  to  thermal  expansion  can  also  occur  and  result  in  transmis¬ 
sion  failure. 

These  were  the  main  areas  of  component  improvement  upon  which 
the  redesign  focused. 


4.0  DESCRIPTION  OF  HST  SYSTEM 

The  transmission  used  for  this  program  was  a  UH-ID  type  (part 
number  205-040-001-5,  serial  number  A12-52)  modified  to  an 
AH-IG  configuration  and  further  modified  with  the  HST  compo¬ 
nents  as  described  below.  Figure  3  depicts  the  modified  trans¬ 
mission  system,  and  Table  1  includes  a  description  of  all  parts 
modified.  Table  2  lists  the  new  parts  fabricated.  Survivabil¬ 
ity  enhancement  was  accomplished  through  two  major  categories 
of  modification.  These  were  component  improvements  and  instal¬ 
lation  of  an  emergency  lubrication  system. 


TABLE  1.  PARTS  MODIFIED  FOR  USE  IN  THE  HST  SYSTEM 


Part  name 

HST  P/N 

P/N  replaced 

Description  of  modification 

Upper  Planetary 
Retainers 

300-040-168-3 

204-040-129-1 

Changed  material  from  nylon 
to  silver-plated  steel. 

Lower  Planetary 
Retainers 

300-040-168-3 

204-040-133-1 

Changed  material  from  bronze 
to  silver-plated  steel. 

Planetary  Washers 

299AWH-03-1 

204-040-134-5 

Changed  material  from  AMS6260 
steel  to  M-50  steel. 

Planetary  Support 
and  Tall  Rotor 
Takeoff  Ball 
Bearing 

299AWH-18-1 

204-040-135-1 

Retainer  material  changed  from 
bronze  to  silver-plated  steel. 

Upper  Mast 

Ball  Bearing 

299AWH-02-7 

204-040-136-9 

Retainer  material  changed  from 
bronze  to  silver-plated  steel. 

Tall  Rotor  Drive 
Duplex  Ball 

Bearing 

299AWH-02-5 

204-040-143-1 

Retainer  material  changed  from 
bronze  to  silver-plated  steel. 

Lower  Mast 

Roller  Bearing 

299AWH-18-3 

204-040-270-1 

Retainer  material  changed  from 
bronze  to  silver-plated  steel. 

Lower  Gearshaft 
Roller  Bearing 

299AWH-18-5 

204-040-271-3 

Retainer  material  changed  from 
bronze  to  silver-plated  steel. 

Planetary  Roller 
Sets 

204-040-725-5 

204-040-725-3 

Material  changed  from  52100 
steel  to  M-50  steel. 

Input  Gearshaft 
Duplex  Bearing 

299AWH-02-3 

205-040-245-1 

Retainer  material  changed  from 
nylatron  to  silver-plated  steel 

Input  Triplex 
Bearing 

299AWH-02-1 

205-040-246-1 

Outer  race  curvature  changed 
from  52%  to  54%  and  oil  grooves 
added  to  Inner  races. 

Main  Input 

Pinion  Roller 
Bearing 

299AWH-13-1 

205-040-249-1 

Retainer  material  changed  from 
bronze  to  silver-plated  steel.' 

Oil  Pump 

Shaft 

299AWH-19-1 

204-040-197-3 

Shortened  to  accommodate 
emergency  lube  pump. 

Oil  Transfer 

Tube 

299-040-250-3 

204-040-223-11 

Modified  to  accommodate 
emergency  system  plumbing . 

Main  Oil  Pump 
Screen 

299^WH-28-l 

204-040-237-1 

Shortened  to  fit  In  new 
composite  sump  assembly. 

Oil  Jet 

299AWH-08-1 

204-040-326-7 

Modified  to  accommodate 
emergency  system  plumbing. 

Oil  Jet 

299AWH-12-1 

204-040-327-1 

Modified  to  accommodate 
emergency  system  plumbing. 

Oil  Housing 

299AWH-14-1 

204-040-339-5 

Modified  to  accommodate 
emergency  system  plumbing . 

Transmission 

Main  Case 

299HES-997-1 

204-040-353-23 

Modified  to  accommodate 
emergency  system  plumbing . 

Sump  Case 

299HES-1004-1 

204-040-355-5 

Modified  to  accommodate  new 
lower  composite  sump  assembly. 

Oil  Manifold 

299-040-204-1 

204-040-393-1 

Modified  to  accommodate 
emergency  syrtem  plumbing. 

Oil  Fitting 

299-040-205-1 

204-040-398-1 

Modified  to  accommodate 
emergency  system  plumbing. 

Main  Input  Pinion 

299AWH-0C-1 

204-040-700-1 

Oil  grooves  and  oil  holes 
added  to  supply  triplex  from 
pinion  interior. 
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TABLE  2.  NEW  PARTS  REQUIRED  FOR  EMERGENCY  LUBRICATION  SYSTEM 


Part  name 

HST  P/N 

Description 

Oil  Manifold 

299-040-204-3 

Internal  manifold  for  emer¬ 
gency  system  plumbing. 

Elbow 

299-040-204-5 

Internal  elbow  for  emergency 
system  plumbing. 

Oil  Transfer 

Tube 

299-040-204-7 

Transfer  tube  for  emergency 
system  plumbing. 

Oil  Manifold 

299-040-205-5 

Internal  manifold  for  emer¬ 
gency  system  plumbing. 

Tube 

299-040-206-1 

Internal  plumbing  for  emer¬ 
gency  system. 

Tube 

299-040-207-1 

Internal  plumbing  for  emer¬ 
gency  system. 

Tube 

299-040-208-1 

Internal  plumbing  for  emer¬ 
gency  system. 

Composite  Sump 
Assembly 

299-040-217-1 

Emergency  sump  within  a 
main  sump.  Manufactured 
from  Hexcel  F-161  epoxy  and 
scrim  cloth. 

Oil  Transfer 

Tube 

299AWH-16-1 

Transfer  tube  for  emergency 
system  plumbing. 

Emergency  Oil 
Pump  Screen 

299AWH-23-1 

Inlet  screen  for  emergency 
oil  pump. 

Emergency  Lubri¬ 
cation  Pump 

SKC  2750 

Oil  pump  for  emergency 
lubrication  system. 

Check  Valve 

C2495-1Q 

Check  valve  for  main  lube 
system/emergency  lube 
system  interface. 

Relief  Valve 

532-3M-20 

Relief  valve  for  regulation 
of  emergency  lubrication 
system. 

4 . 1  COMPONENT  IMPROVEMENTS 


In  the  input  quill  area  both  the  triplex  ball  bearing  and  the 
roller  bearing  were  modified.  The  bronze  retainer  of  the  rol¬ 
ler  bearing  was  replaced  with  a  silver-plated  steel  retainer 
to  afford  better  high- temperature  operation  capabilities.  The 
modified  roller  bearing  is  shown  in  Figure  4.  Figure  5  shows 
the  modified  triplex  bearing.  The  outer  race  curvature  of  the 
input  triplex  ball  bearing  was  increased  from  52%  to  54%  of 
the  ball  diameter  in  an  effort  to  transfer  the  bearing  race 
control  from  the  outer  race  to  the  inner  racel  Thus,  ball 
sliding  should  occur  at  the  outer  race  of  the  modified  triplex 
with  pure  rolling  occurring  at  the  inner  race.  The  ultimate 
goal  of  this  modification  was  to  increase  heat  generation  at 
the  outer  race  while  descreasing  heat  generation  at  the 
inner  race  correspondingly.  This  was  desirable  since  failure 
of  the  standard  input  triplex  bearing  could  occur  due  to  loss 
of  bearing  clearance  when  the  inner  race  became  much  hotter 
than  the  outer  race.  Thermal  mapping  tests  of  a  UH-lD  type 
transmission  had  shown  that  in  normal  operation  the  inner  race 
of  the  standard  input  triplex  bearing  ran  significantly  hotter 
than  the  outer  race.  The  race  curvature  change  of  the  modified 
triplex  tended  to  equalize  the  temperatures  of  the  inner  and 
outer  races,  and,  indeed,  in  the  testing  performed  during  this 
program  the  outer  race  was  always  hotter  than  the  inner  race. 
This  curvature  change  also  resulted  in  a  .003-inch  increase 
in  internal  clearance  in  the  modified  triplex  bearing. 

The  input  pinion  was  modified  by  adding  two  oil  grooves  and 
six  oil  holes  to  allow  oil  to  flow  from  the  pinion  interior  to 
the  input  triplex  bearing  for  emergency  lubrication  operation. 
The  modified  pinion  is  shown  in  Figure  6. 

In  the  planetary  assemblies  shown  in  Figure  7  and  Figure  8, 
several  material  changes  were  made  based  on  previous  fail-safe 
testing  of  the  planetaries.  These  changes  were  effected  to 
achieve  better  high-temperature  strength  characteristics  of 
these  components.  The  bronze  bearing  retainers  of  the  lower 
planetary  assembly  and  the  nylon  bearing  retainers  of  the 
upper  planetary  assembly  were  replaced  with  silver  plated 
steel  retainers.  Figure  9  shows  the  three  types  of  retainers. 
Planetary  thrust  washers  manufactured  from  CEVM  M-50  steel 
replaced  the  AMS  6260  steel  thrust  washers.  The  AlSl  52100 
steel  planetary  rollers  were  replaced  with  CEVM  M-50  steel 
rollers. 

Table  1  lists  the  other  bearings  in  the  transmission  which  were 
modified.  In  the  modified  transmission  tested,  only  four  bear¬ 
ings  did  not  have  silver-plated  steel  retainers.  The  two  ball 
bearings  in  the  freewheeling  unit  had  bronze  retainers.  These 
bearings  do  not  turn  unless  the  transmission  overruns  the 
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Figure  6.  Main  input  pinion  with  additional  oil  holes 


Figure  7.  Upper  planetary  assembly  with  HST  modifications 
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I  engine,  and  thus  there  was  no  need  to  modify  them.  The  two 

I  204-040-310  roller  bearings  of  the  tail  rotor  and  accessory 

f  drive  bevel  gear  set  also  had  bronze  retainers.  Because  these 

bearings  are  roller  bearings  (roller  bearings  usually  generate 
!  less  heat  than  ball  bearings)  and  because  of  the  remoteness  of 

I  these  bearings  relative  to  the  predicted  hot  spots  of  the 

transmission,  these  bearings  did  not  require  modification. 

4.2  EMERGENCY  LUBRICATION  SYSTEM 

4.2.1  General  Description 

The  second  category  of  modifications  to  the  existing  AH-IG 
transmission  involved  the  installation  of  an  emergency  lubri¬ 
cation  system.  This  system  utilized  a  continuously  running 
mechanically  driven  pump  to  deliver  lubricant  to  critical  com¬ 
ponents  in  the  transmission.  The  pump  obtained  its  oil  supply 
from  an  auxiliary  sump  located  inside  the  main  transmission 
sump.  The  auxiliary  sump  was  supported  by  webs  attached  to 
the  lower  half  of  a  split  sump  case  and  was  positioned  to 
receive  practically  all  of  the  oil  returning  from  the  transmis¬ 
sion.  When  the  auxiliary  sump  was  full,  the  oil  would  overflow 
into  the  main  sump.  The  usable  capacity  of  the  auxiliary  sump 
was  approximately  two  quarts.  Figure  10  shows  the  composite 
sump  case,  and  Figure  11  shows  the  upper  sump  case  which  was 
modified  to  accommodate  the  new  composite  case.  Figure  12 
shows  the  typical  AH-lG/Q-type  lower  sump  case,  while  Figure 
13  depicts  the  high-survivable  transmission  (HST)  sump  assem¬ 
bly  configuration. 

The  auxiliary  pump  which  is  shown  in  Figure  14  was  positioned 
i  directly  above  the  main  pump  and  driven  by  a  shaft  from  the 

i  sump  bevel  gear.  The  main  pump  was  driven  by  a  short  splined 

shaft  from  the  auxiliary  pump.  As  can  be  seen  in  Figure  15, 

■  the  auxiliary  pump  shaft  was  undercut  on  the  lower  end  so  that 

!  it  would  shear  off  in  the  event  of  a  main  pump  seizure.  Since 

the  oil  in  the  auxiliary  system  was  not  filtered,  a  screen 
assembly  for  the  pump  inlet  was  fabricated,  and  an  electric 
!  chip  detector  was  installed  in  the  auxiliary  sump.  The  pump 

was  tested  by  the  manufacturer  at  4500  rpm  using  MIL-L-23699 
I  oil  at  250°F  and  was  found  to  deliver  2.75  gpm  at  20  psi.  The 

,  manufacturer  estimated  that  the  flow  rate  of  the  pump  could 
!  decrease  as  much  as  one-half  gpm  as  the  oil  temperature 

increased  from  250°F  to  450°F. 

I 

I  4.2.2  HST  Main  Lubrication  System 

A  schematic  of  the  lubrication  system  for  the  HST  system  is 
shown  in  Figure  16.  In  normal  operation,  oil  is  pumped  by  the 
main  oil  pump  through  a  screen  filter  to  a  bypass  valve. 
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Figure  14.  Emergency  lubrication  pump  for  HST 


Emergency  lubrication  pump  for  HST 
showing  undercut  shaft. 


f  f  ^ 

L 

Hf 

1 

1 

t.'"'  * 

■1^  ^ 

V—. 

■  i 

2  16.  Schematic  of  lubrication  system  for  HST. 
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From  the  bypass  valve  it  is  routed  through  the  cooler  and  then 
through  a  filter  and  back  to  the  transmission.  It  enters  the 
transmission  by  way  of  a  manifold  that  feeds  jets  for  the  input 
bevel  gears  and  bearings.  The  oil  is  routed  from  the  manifold 
through  external  plumbing  to  the  jets  for  the  planetary  assem¬ 
blies.  From  here,  the  oil  is  routed  in  two  directions.  One  oil 
line  carries  oil  to  the  jets  which  lubricate  the  upper  mast 
bearing  and  the  driving  spline.  The  other  oil  line  is  an 
internal  line  which  carries  oil  to  an  internal  manifold  which 
feeds  jets  that  supply  oil  to  the  input  bevel  pinion  roller 
bearing,  to  the  bevel  mesh,  and  to  the  interior  of  the  input 
bevel  pinion.  The  oil  inside  the  pinion  is  distributed  through 
holes  to  the  input  triplex  and  also  out  the  end  of  the  pinion 
to  the  freewheeling  unit. 

4.2.3  HST  Emergency  Lubrication  System 

When  oil  is  lost  from  the  main  sump  due  to  ballistic  damage  or 
some  other  cause,  two  quarts  of  usable  oil  are  retained  in  the 
emergency  sump.  When  the  main  oil  pressure  drops  below  20  psi, 
the  emergency  system  becomes  fully  operative.  In  emergency 
operation,  oil  flows  from  the  emergency  oil  pump  through  inter¬ 
nal  lines  to  oil  jets  which  supply  lubricant  to  the  main  input 
bevel  mesh,  to  the  main  input  pinion  roller  bearing,  and 
through  the  interior  of  the  main  input  pinion  to  the  input 
triplex  bearing  and  the  freewheeling  unit.  The  internal  lines 
then  become  integral  with  the  upper  portion  of  the  main  oil 
supply  system  and  provide  lubricant  for  the  planetary  assem¬ 
blies  and  upper  mast  bearing.  A  check  valve  installed  in  an 
external  transfer  tube  adjacent  to  the  ring  gear  case  separates 
the  main  oil  supply  system  and  the  emergency  oil  supply  system. 
The  emergency  system  is  almost  all  internal,  and,  therefore, 
its  inherent  vulnerability  is  low.  Figure  17  shows  some  of  the 
internal  plumbing  installed  in  the  main  center  case  for  the 
emergency  lubrication  system. 


5 . 0  HST  TESTING 


5.1  GENERAL  OBJECTIVES 

Following  the  complete  fabrication  and  assembly  of  the  high- 
survivable  transmission  system,  tests  were  performed  to 
determine  the  response  of  the  transmission  to  the  following 
conditions: 

Loss  of  full  effectiveness  of  the  oil  cooler.  (This  could 
be  due  to  loss  of  the  blower.) 

Total  loss  of  the  oil  cooler  which  would  result  in  operating 
on  full  bypass. 
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Loss  of  the  bypass  valve  and/or  the  lower  part  of  the  sump 
which  would  result  in  the  loss  of  the  main  oil  supply.  The 
emergency  lubrication  system  would  then  take  over. 

Loss  of  the  emergency  oil  supply. 

The  testing  was  conducted  in  three  phases  which  are  described 
below. 

5.2  PHASE  I  TESTS 


5.2.1  Phase  I  Test  Configuration 

For  the  initial  phase  of  testing^  the  HST  was  assembled  with  a 
mast  which  was  cut  off  just  below  the  spline  which  mates  with 
the  upper  planetary  carrier  and  was  supported  in  the  transmis¬ 
sion  by  a  special  tandem  bearing.  This  was  done  to  enable 
thermocouples  to  be  installed  to  monitor  the  area  in  and  around 
the  bevel  gear  shaft.  It  was  desirable  to  use  a  standard  mast 
for  the  Phase  II  and  Phase  III  testing  in  order  to  investigate 
the  effects  of  emergency  lubrication  running  on  the  standard 
mast  ball  bearing  and  the  mast  roller  bearing  which  were  modi¬ 
fied  for  the  HST  program.  In  order  to  investigate  these 
effects  and  yet  not  lose  track  of  the  thermal  conditions  in  and 
around  the  bevel  gear  shaft  during  the  emergency  lubrication 
testing,  the  stubbed  mast  with  all  of  the  associated  thermo¬ 
couples  was  used  in  Phase  I  to  establish  a  thermal  baseline 
from  which  a  temperature  gradient  across  a  bearing  could  be 
utilized  to  estimate  the  temperature  of  the  inner  ring  during 
the  Phase  II  and  Phase  III  testing.  The  thermocouple  locations 
for  the  Phase  I  testing  paralleled  previous  thermal  mapping 
tests  and  are  defined  in  Figure  18  and  Table  3. 

The  transmission  was  installed  in  the  test  stand.  This  test 
stand  was  a  combination  regenerative/absorption-type  stand. 
Torque  was  applied  to  the  main  rotor  mast  through  a  regenera¬ 
tive  loop  by  rotating  the  "slave  transmission"  planetary  ring 
gear  in  relation  to  the  main  case.  Main  rotor  mast  torque  was 
monitored  by  employing  a  strain-gaged  mast.  The  tail  rotor 
loop  was  loaded  using  a  300-horsepower  water  brake  dynamometer. 
Power  was  supplied  to  the  system  by  a  500-horsepower  electric 
motor,  and  speed  was  regulated  by  a  magnetic  coupling. 

A  system  to  simulate  a  severed  oil  line  was  designed  and  imple¬ 
mented.  Provisions  for  bypassing  the  oil  cooler  were  also 
included.  The  system  is  shown  schematically  in  Figure  19.  Oil 
from  the  main  oil  sump  could  be  pumped  through  any  of  three 
paths:  (1)  by  closing  valves  A  and  C  and  opening  valve  B,  the 

oil  could  be  pvimped  through  the  oil  cooler  and  back  to  the 
transmission;  (2)  by  closing  valves  B  and  C  and  opening  valve 
A,  the  oil  could  be  pumped  directly  back  to  the  transmission 
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TABLE  3.  THERMOCOUPLE  LOCATION  INDEX 


Thermocouple 

Number _ Location/Nomenclature _ 4^A 

1  Mast  Bearing  Duplex  (Upper)  270° 

2  Mast  Bearing  Duplex  (Lower)  300° 

3  Top  Case  (Inner  Surface)  190° 

4  Support  Case,  Bevel  Gear  (Upper  190° 

Surface) 

5  Bevel  Gear  Shaft  Upper  Bearing  270° 

(Outer  Ring) 

6  Bevel  Gear  Shaft  Lower  Bearing  270° 

(Outer  Ring) 


7  Input  Pinion  Roller  Bearing  (Outer 
Ring) 

8  Bevel  Gear  Shaft  Roller  (Outer  Ring)  120° 


9  Support  Case,  Main  Transmission  0° 

(Floor) 

10  Mast  Adapter  Plate  185° 

11  Ring  Gear  Case  Upper  Flange  180° 

12  Input  Pinoin  Quill  Sleeve  190° 

13  Main  Case  Upper  Flange  280° 

14  Main  Case  Accessory  Port  Cover  275° 

15  Main  Case  Lower  Flange  280° 

16  Support  Case,  Upper  Flange,  Main  350° 

Transmission 

17  Top  Case  (Inner  Surface)  10° 

18  Test  Cell  Ambient  Air  (12  Inches 
From  Main  Case) 

19  Oil- In  Temperature  Probe  120 


4.B 


30° 


270° 
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TABLE  3. 


Continued 


Thermocouple 

Number 

Loca t ion/Nomenc la ture 

41A 

4.B 

20 

Oil-Out  Temperature  Probe 

270 

21 

Bevel  Gear  Shaft  Lower  Duplex 

Bearing  (Inner  Ring)  ' 

22 

Bevel  Gear  Shaft  Roller  Bearing 
(Inner  Ring) 

23 

Bevel  Gear  Shaft  Upper  Bearing 
(Inner  Ring) 

24 

Bevel  Gear  Shaft  Between  Duplex 
Bearing  (Shaft) 

25 

Lower  Sun  Gear  Root 

26 

Bevel  Gear  Tooth  (Root) 

27 

Ring  Gear  Upper  Mesh  (Tooth  Implant) 

0 

in 

28 

Ring  Gear,  Lower  Mesh  (Tooth 

Implant) 

45° 

29 

Ring  Gear,  Upper  Mesh  (Tooth  Root) 

0 

o 

30 

Ring  Gear,  Lower  Mesh  (Tooth  Root) 

O 

0 

31 

Tail  Rotor  Drive  Input  Duplex, 

Upper  Bearing  (Outer  Ring) 

280° 

32 

Tail  Rotor  Drive  Output  Duplex, 
Outboard  Bearing  (Outer  Ring) 

50° 

33 

Input  Pinion  Nose  Bearing  (Inner 
Ring) 

34 

Input  Pinion  Inboard  Triplex 

Bearing  (Outer  Ring) 

250° 

35 

Input  Pinion  Center  Triplex  Bearing 
(Outer  Ring) 

0 

o 

00 

36 

Input  Pinion  Outboard  Triplex 

Bearing  (Outer  Ring) 

0 

m 

00 
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TABLE  3. 


Continued 


Thermocouple 

Number 

TABLE  3.  -  Continued 

Location/Nomenclature 

4-A 

37 

Input  Pinion  Tooth  (Root) 

38 

Input  Pinion  Inboard  Triplex 
Bearing  (Inner  Ring) 

39 

Input  Pinion  Center  Triplex 

Bearing  (Inner  Ring) 

40 

Input  Pinion  Outboard  Triplex 
Bearing  (Inner  Ring) 

41 

Triplex  Bearing,  Oil-Out 

42 

Tail  Rotor  Drive  Input  Duplex 

Lower  Bearing  (Outer  Ring) 

280° 

43 

Tail  Rotor  Drive  Output  Duplex 
Inboard  Bearing  (Outer  Ring) 

44 

Main  Case 

95° 

45 

Main  Case 

75° 

46 

Main  Case 

65° 

47 

Main  Case,  Center  Section 

o 

m 

00 

48 

Support  Case,  Main  Transmission 

00 

O 

49 

Support  Case,  Main  Transmission 

85° 

50 

Support  Case,  Main  Transmission 

85° 

51 

Support  Case,  Main  Transmission 

95° 

52 

Support  Case,  Main  Transmission 

100° 

53 

Air  Inside  of  Output  Mast 

54 

Upper  Planet  Pinion  Bearing 
(Inner  Ring) 

55 

Air/Oil  Inside  Main  Case 
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TABLE  3.  -  Concluded 

Thermocouple 

Number _ Location/Nomenclature _ A 

56  Mast  Roller  Bearing  (Outer  Ring)  270° 

57  Mast  Ball  Bearing  (Outer  Ring)  0° 
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EMERGENCY  LUBRICATION  SYSTEM 


TRANSMISSION 


CHECK  VALVE 


BYPASS  VALVE 


VALVE  C 
TO  REMOTE  OIL  TANK 


Figure  19.  Schematic  of  HST  test  configuration  to 
simulate  ballistic  hit. 


without  going  through  the  cooler;  (3)  by  closing  valves  A  and 
B  and  opening  valve  C,  the  oil  could  be  pumped  into  a  remote 
oil  tank, preventing  its  return  to  the  transmission.  This 
system  was  functional  for  all  three  phases  of  testing. 

Throughout  all  phases  of  testing,  temperatures  were  recorded 
on  two  Honeywell  Electronic  16,  24-point  strip  chart  recorders 
and  one  United  Systems  Corporation  Datalogger.  The  two  Honey¬ 
well  Electronic  16  recorders  were  type  K  (alumel-chromel)  cali¬ 
bration  with  a  full-scale  range  of  -200°F  to  +1000°F.  The 
Datalogger  was  of  the  type  J  (iron-cons tantan)  calibration  and 
had  a  full-scale  range  of  -320°F  to  +1400°F. 

Temperatures  were  recorded  at  intervals  of  2  minutes  or  less 
throughout  the  testing.  Pressures,  oil  flow,  main  rotor  mast 
torque,  tail  rotor  mast  torque,  and  input  rpm  were  recorded  at 
intervals  of  6  minutes  or  less.  Prior  to  testing,  the  transmis¬ 
sion  and  all  associated  oil  lines  were  flushed  and  cleaned.  The 
transmission  was  serviced  with  MIL-L-23699B  lubricant,  which  was 
the  type  of  lubricant  used  throughout  all  phases  of  testing. 

5.2.2  Phase  I  Test  Objectives 

The  transmission  was  test  run  as  described  in  Table  4  to  meet 
the  following  specific  objectives: 

To  verify  the  functional  capability  of  all  new,  used,  and 
modified  components  anu  to  give  these  parts  a  break-in 
period. 

To  check  out  all  instrumentation,  gages,  and  flowmeters. 

To  obtain  a  thermal  baseline  with  all  thermocouples  except 
one  functioning.  The  one  exception  was  the  thermocouple  on 
the  inner  ring  of  the  outboard  bearing  of  the  input  triplex. 
Five  thermocouples  were  required  in  the  input  area,  but  the 
input  drive  shaft  slip  ring  assembly  would  accommodate  only 
four  at  a  time.  The  thermal  baseline  for  the  outboard  bear¬ 
ing  was  obtained  during  Phase  II  tests. 

5.2.3  Results  of  Phase  I  Tests 

Only  about  one-half  of  Phase  I-l  (Build-up  Verification  and 
Run-In)  was  completed  since  all  of  the  gears  were  used  and 
already  broken  in,  and  the  bearings  had  polished  races  and 
balls  which  reduced  the  effects  of  a  run-in.  Phase  1-2  (Ther¬ 
mal  Baseline  Runs)  was  completed  except  for  the  two  350°F  sta¬ 
bilized  oil-in  temperature  runs.  Such  an  extensive  length  of 
time  was  required  to  reach  the  350°F  stabilized  temperature 
that  it  was  decided  to  delete  these  two  runs  and  proceed  with 
Phase  1-3. 
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The  stabilized  temperatures  recorded  for  steps  1,  2,  and  3  of 
Phase  1-2  are  given  in  Figures  20,  21,  and  22,  respectively. 

It  is  significant  to  note  that  the  outer  rings  of  the  input 
triplex  bearing  set  were  hotter  than  the  inner  rings.  With  the 
previous  design,  the  inner  rings  of  this  bearing  maintained  a 
higher  temperature  than  the  outer  rings  (USAAMRDL  Technical 
Report  73-90).  Another  interesting  result  was  that  as  the  sta¬ 
bilized  oil-in  temperature  was  allowed  to  increase  from  200°F 
to  300°F,  the  temperature  rise  (AT)  across  the  transmission 
decreased  from  11°F  to  4°F,  respectively,  as  can  be  seen  in 
Figure  23. 

Step  3  of  Phase  1-3  was  aborted  after  about  five  minutes 
because  when  the  main  oil  supply  was  drained  from  the  main 
sump,  the  emergency  pump  did  not  supply  pressure  to  the  system. 
After  shutting  down,  the  emergency  sump  was  drained  and  found 
to  contain  only  about  .17  quart.  Step  3  was  started  once 
again  and  stopped  after  one  minute  with  still  no  indication  of 
oil  pressure.  The  emergency  sump  was  again  drained  and  found 
to  contain  about  1.46  quarts.  The  transmission  was  then 
removed  from  the  cell  and  partially  disassembled.  An  inspec¬ 
tion  revealed  that  the  check  valve  directly  above  the  pressure 
regulator  valve  near  the  emergency  lube  pump  was  installed 
backward.  Thus,  none  of  the  emergency  oil  was  reaching  the 
lube  distribution  system, which  resulted  in  the  lack  of  pressure. 
However,  as  the  oil  was  being  dumped  through  the  pressure  regu¬ 
lator  valve,  it  still  should  have  been  collected  in  the  emer¬ 
gency  sump.  Since  the  emergency  sump  was  losing  its  oil  at  the 
rate  of  approximately  one-half  quart  per  minute,  it  was  con¬ 
cluded  that  a  large  percentage  of  the  returning  oil  must  have 
been  clinging  to  the  walls  of  the  casting  and  bypassing  the 
emergency  sump.  An  aluminvun  skirt  was  bonded  to  the  upper 
sump  case  to  direct  all  of  the  returning  oil  into  the 
emergency  sump. 

5.3  PHASE  II  TESTS 


5.3.1  Phase  II  Test  Configuration 

For  the  second  phase  of  testing,  the  HST  was  assembled  and 
instrumented  exactly  the  same  as  for  the  Phase  I  tests  with 
the  following  exceptions; 

-  A  standard  mast  with  a  standard  top  case  was  installed. 

The  slip  ring  and  thermocouples  used  to  monitor  the  temper¬ 
atures  in  and  around  the  bevel  gear  shaft  were  omitted. 

-  The  thermocouple  on  the  inner  ring  of  the  main  input  pinion 
roller  bearing  was  deleted,  and  the  thermocouple  on  the 
inner  ring  of  the  outboard  triplex  bearing  was  activated. 
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TEMPERATURE  RISE  ACROSS  TRANSMISSION 


Figure  23.  Oil  cooler  requirements  of  HST  with  stubbed  mast 
at  950  horsepower. 
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An  oil  deflector  was  bonded  around  the  inside  perimeter  of 
the  upper  sump  case  to  direct  all  of  the  oil  returning  from 
the  transmission  into  the  emergency  svimp. 

The  checK  valve  that  had  been  installed  backwards  in  Phase  I 
testing  was  reinstalled  properly. 

Figure  24  and  Table  3  define  the  thermocouple  locations  for 
Phase  II  and  Phase  III  testing. 

The  transmission  was  reinstalled  in  the  test  stand.  Tempera¬ 
tures  were  recorded  at  intervals  of  2  minutes  or  less.  Pres¬ 
sure,  oil  flow,  main  rotor  mast  torque,  tail  rotor  mast  torque, 
and  input  rpm  were  recorded  at  intervals  of  6  minutes  or  less. 

5.3.2  Phase  II  Test  Objectives 

The  transmission  was  test  run  per  Phase  1-3  of  Table  4  and  as 
described  in  Table  5  to  meet  the  following  specific  objectives: 

To  determine  the  rate  at  which  the  oil  was  lost  past  the 
emergency  sump. 

To  compare  the  amount  of  heat  generated  in  the  transmission 
during  normal  lubrication  to  that  generated  during  emergency 
lubrication. 

To  obtain  a  thermal  baseline  on  the  outboard  bearing  of  the 
input  triplex  and  to  obtain  thermal  data  on  the  transmission 
with  the  standard  mast  installed  and  lift  and  shear  loads 
applied  for  comparison  with  the  thermal  data  obtained  during 
Phase  I  tests  with  the  stubbed  mast  and  no  shear  and  lift 
loads  applied. 

To  determine  the  length  of  time  the  oil  cooler  can  be  fully 
bypassed  before  any  monitored  component  reaches  350OF. 

To  investigate  the  transmission  response  to  the  emergency 
lubrication  system  at  950  input  horsepower  prior  to  the  60- 
minute  emergency  lubrication  run. 

To  investigate  the  transmission  response  to  the  emergency 
lubrication  system  at  1134  input  horsepower. 

5.3.3  Results  of  Phase  II  Tests 

The  transmission  was  successfully  run  per  Phase  1-3  of  Table  4. 
With  the  transmission  operating  at  6600  rpm  and  minimum  input 
horsepower  under  normal  lubrication  with  the  oil  cooler  by¬ 
passed,  the  oil-in  temperature  stabilized  at  2460f.  The  maxi¬ 
mum  recorded  temperature  at  this  stabilized  condition  was  2660f 
which  was  the  temperature  of  the  oil  out  of  the  input  triplex 
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testing. 


TABLE  4.  BUILDUP  VERIFICATION  AND  THERMAL  BASELINE  TEST 
LOAD  AND  SPEED  SCHEDULE  FOR  TEST  I 


Trans-  Trans-  Trans- 

Nomtal  Normal  mission  mission  Main  Tail  mission 

Time  lube  with  lube  no.  Emergency  input  input  rotor  rotor  oil-^  , 
chrt)  oil  cooler  oil  cooler  lube  (rpm)  (hp*)  (hp')  (hp^  tempVf! 


TABLE  5.  THERMAL  BASELINE  AND  EMERGENCY  RESPONSE 
TESTING  LOAD  AND  SPEED  SCHEDULE 


bearing.  Transmission  temperatures  at  this  stabilized  condi¬ 
tion  are  shown  in  Figure  25.  Figure  26  shows  the  recorded 
temperatures  after  1  hour  of  transmission  operation  at  6600 
rpm  and  minimum  input  horsepower  utilizing  just  the  emergency 
lubrication  system.  The  oil-in  temperature  stabilized  at  219°F, 
and  all  recorded  temperatures  for  this  run  were  cooler  than 
those  recorded  for  the  Phase  1-3,  step  1  run  under  normal  lu¬ 
brication  with  the  oil  cooler  bypassed.  Under  emergency  lu¬ 
brication,  there  was  less  oil  circulating  in  the  transmission 
and  thus  less  windage  and  churning  losses.  Therefore,  at 
minimum  input  horsepower,  the  transmission  rein  cooler  under 
emergency  lubrication  than  under  normal  lubrication  with  no  oil 
cooler.  The  emergency  oil  pump  maintained  a  pressure  reading 
of  13  psi  throughout  the  emergency  run.  Following  the  test  run, 
the  oil  was  drained  from  the  emergency  sump,  and  it  was  found 
to  contain  1380  ml  (1.46  qt) . 

Next,  the  trcinsmission  was  run  per  Phase  II-l  of  Table  5. 

Figures  27,  28,  and  29  show  the  transmission  temperatures  at 
the  stabilized  oil-in  temperatures  for  steps  1,  2,  and  3, 
respectively,  of  Phase  II-l. 


Some  problems  were  encountered  in  trying  to  achieve  the  350°f 
stabilized  oil-in  temperature  of  step  4.  This  was  due  to  the 
fact  that  as  the  oil  temperature  increased,  the  input  oil  seal 
lost  its  ability  to  seal  adequately,  and  a  significant  quantity 
of  oil  leaked  past  the  segl.  When  the  input  oil  temperature 
reached  approximately  315°F,  so  much  oil  was  being  lost  past  the 
seal  that  a  quart  of  oil  had  to  be  added  to  the  transmission 
every  15  to  20  minutes.  Adding  a  quart  of  oil  would  drop  the 
oil-in  temperature  back  down  tg  around  300°F.  By  the  time  the 
oil  heated  up  again  to  the  315°F  range,  another  quart  of  oil 
would  be  required  by  the  transmission.  Finally,  since  the 
higher  temperatures  could  not  be  attained  as  long  as  new  oil 
was  added  every  15  to  20  minutes,  the  decision  was  made  to  run 
without  adding  oil  until  the  oil-in  temperature  stabilized  or 
until  the  oil  pressure  dropped  below  40  psi,  whichever  occurred 
first  (normal  oil  pressure  is  55  psi) .  Under  these  conditions 
the  oil-in  temperature  finally  stabilized  at  321°F  with  the  oil 
pressure  reading  44  psi.  Transmission  temperatures  at  this 
stabilized  condition  are  shown  in  Figure  30.  The  transmission 
oil  level  was  approximately  3  quarts  low  at  this  time.  Thus, 
utilization  of  these  data  must  be  tempered  with  the  fact  that 
both  oil  pressure  and  oil  level  were  below  normal  operating 
conditions. 

Since  the  350°F  stabilized  oil-in  temperature  of  step  4  could 
not  be  attained,  it  was  decided  to  lower  the  required  sta¬ 
bilized  oil-in  temperature  of  step  5  to  300°F  rather  than 
attempt  to  reach  ISO'^F  at  1134  input  horsepower.  Figure  31 
shows  the  transmission  temperatures  at  the  300°F. 
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Figure  25.  Phase  1-3,  step  1  stabilized  transmission 

temperatures  at  minimum  input  horsepower,  normal 
lubrication  with  oil  cooler  bypassed. 
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Phase  II-2  was  amended  due  to  the  difficulty  of  attaining  the 
350°F  temperature.  Rather  than  run  until  the  hottest  monitored 
component  reached  350°F,  it  was  decided  to  run  until  the  oil-in 
temperature  reached  300°F.  A  plot  of  oil-in  temperature  versus 
time  is  shown  in  Figure  32. 


Phase  II-3  was  an  emergency  response  run  at  950  input  horse¬ 
power  and  6600  rpm  with  25  horsepower  through  the  tail  rotor. 
The  transmission  was  run  on  normal  lubrication  until  the  oil-in 
temperature  stabilized  at  230°F  +5°F.  A  ballistic  hit  result¬ 
ing  in  total  loss  of  normal  lubrication  was  then  simulated,  and 
the  transmission  was  allowed  to  run  for  12  minutes  on  emergency 
lubrication.  This  test  was  performed  3  times  and  the,,, results 
were  very  consistent.  Typical  transmission  temperatures 
recorded  at  the  stabilized  oil-in  temperature  of  23r0- ?+5°F  just 
prior  to  draining  the  main  oil  supply  are  shown  in  Figure  33. 
Figure  34  shows  typical  transmission  temperatures  aftet  12 
minutes  of  operation  on  emergency  lubrication.  A  typical  plot 
of  the  oil-in  temperature  versus  time  for  the  test  runs 
of  Phase  II-3  is  shown  in  Figure  35. 


Phase  II-4  was  an  emergency  response  run  at  1134  input  horse¬ 
power  and  6600  rpm  with  51  horsepower  through  the  tail  rotor. 
The  transmission  was  run  on  normal  lubrication  until  the  oil- 
in  temperature  stabilized  at  230°F+5°F.  A  ballistic  hit 
resulting  in  total  loss  of  normal  lubrication  was  then  sim¬ 
ulated,  and  the  transmission  was  allowed  to  run  for  12  minutes 
on  emergency  lubrication.  Transmission  temperatures  recorded 
at  the  stabilized  oil-in  temperature  of  230®F+5Of  just  prior 
to  draining  the  main  oil  supply  are  shown  in  Figure  36.,  Fig¬ 
ure  37  shows  the  recorded  transmission  temperatures  after  12 
minutes  of  operation  on  emergency  lubrication.  A  plot  of  the 
oil-in  temperature  versus  time  of  the  Phase  II-4  test  is  shown 
in  Figure  35 . 


5.4  PHASE  III  TESTS 

5.4.1  Phase  III  Test  Configuration 

Phase  III  testing  immediately  followed  Phase  II  testing,  and 
thus  transmission  configuration  and  instrumentation  for  Phase 
III  were  identical  to  those  of  Phase  II. 


Transmission  temperatures  were  recorded  at  1-minute  intervals 
throughout  Phase  III  testing.  Oil  pressure,  oil  flow  rate, 
main  rotor  mast  torque,  tail  rotor  mast  torque,  and  input  rpm 
were  recorded  at  intervals  of  6  minutes  or  less. 


5.4.2  Phase  III  Test  Objectives 

The  transmission  was  tested  per  Table  6  to  meet  the  follow 
ing  specific  objectives: 
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OIL-IN  TEMPERATURE 


0  4  8  12  16  20  24  28  32  36  40  44  48  52  56  60 

TIME,  MINUTES 


Figure  32.  Phase  II-2,  step  2  oil-in  temperature  versus 
time,  normal  lubrication  with  oil  cooler 
bypassed  at  950  horsepower. 
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OIL-IN  TEMPERATURE 
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Figure  35.  Oil-in  temperature  ver 
emergency  lubrication 
Phases  II-3  and  II-4. 
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Figure  36.  Phase  II-4,  step  1  transmission  temperatures  at 
230°F  +  5°F  oil-in,  1134  horsepower,  just  prior 
to  emergency  lubrication  response  run. 


TABLE  6.  EMERGENCY  LUBRICATION  60-MINUTE  TESTING 
LOAD  AND  SPEED  SCHEDULE  FOR  TEST  III 


Phase 
no.  ‘ 

Step 

Time 

(hr.) 

Normal 
lube  with 
oil  cooler 

Normal 
lube  no. 
oil  cooler 

Emergency 

lube 

Trans¬ 

mission 

input 

(rpm) 

Trans¬ 

mission 

input 

(hpO 

Main 

rotor 

(hp) 

Tail 

rotor 

(hp) 

Trans¬ 

mission 

oil-in 

temp‘(°F") 

iii-i 

1 

.3 

yes 

no 

no 

6600 

950 

910 

25 

230 

2 

4 

no 

no 

yes 

6600 

950 

910 

25 

- 

‘5600 

lb  of 

lift  load  and  480 

lb  of  shear 

load  applied 

1  to  the 

main  rotor 

mast. 

*Thi8  value  Includes  1.6%  of  the  transmitted  main  rotor  and  tail  rotor  hp. 

’These  are  stabilized  oil  temperatures  (stabilized  defined  as  1°F  or  less  change  in  .1  hour). 
"Run  until  failure  occurs. 
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1.  To  determine  the  length  of  time  to  failure  that  the  trans¬ 
mission  could  be  operated  at  950  input  horsepower  with  the 
emergency  lubrication  functioning. 

2.  To  determine  the  length  of  time  to  failure  that  the  trans¬ 
mission  could  be  operated  at  950  input  horsepower  after  the 
emergency  lubrication  pump  stopped  pumping,  which  was  defined 
as  the  point  where  the  emergency  oil  pressure  drops  to  zero 
psi. 

A  ballistic  hit  resulting  in  total  loss  of  lubricant  for  Phase 
III-l,  step  2  was  simulated  by  closing  valves  A  and  B  and  open¬ 
ing  valve  C  (valves  are  shown  in  Figure  19) .  To  further  ensure 
that  no  oil  from  the  main  system  could  return  to  the  transmis¬ 
sion,  the  oil  lines  at  valves  A  and  B  were  completely  dis¬ 
connected. 

5.4.3  Results  of  Phase  III  Tests 

The  HST  ran  exactly  4  hours  after  loss  of  the  normal  lubrication 
system.  Figures  38  and  39  show  the  transmission  still  in  the 
test  stand  following  the  run.  Figure  40  shows  a  plot  of  the 
hottest  monitored  component  versus  time  and  a  plot  of  oil-in 
temperature  versus  time  for  the  run.  At  failure,  the  hottest 
monitored  component  was  the  lower  ring  gear  at  935°F.  Figure  40 
shows  that  the  emergency  oil  pressure  dropped  to  zero  after  1.4 
hours  of  testing,  and  thus  2.6  hours  of  the  4-hour  emergency  run 
was  without  the  benefit  of  circulating  oil.  Figure  41  shows  the 
transmission  temperatures  at  a  stabilized  oil-in  temperature  of 
230°F+5°F  just  prior  to  the  emergency  lubrication  run.  Figures 
42  through  47  show  transmission  temperatures  at  selected  times 
during  the  4-hour  loss  of  lubrication  run.  For  17  locations 
within  the  transmission  plots  of  the  recorded  temperature  versus 
time  during  the  loss  of  lubrication  run  are  shown  in  Figures  48 
through  64.  It  is  significant  to  note  that  throughout  the  test, 
the  outer  races  of  the  input  triplex  bearing  remained  hotter 
than  the  inner  races.  Failure  occurred  in  the  form  of  complete 
loss  of  mast  torque  due  to  the  stripping  of  the  gear  teeth  from 
the  lower  sun  gear. 

5.4.4  Summary  of  Results  of  Visual  Post-Run  Inspection 

All  of  the  bearings  were  still  functional.  The  upper  mast 
duplex  bearing,  the  lower  mast  roller  bearing,  and  the  tail 
rotor  drive  input  and  output  bearings  were  still  oily  when 
removed  from  the  transmission.  All  other  bearings  were  dry 
when  removed.  All  of  the  M-50  bearings  appeared  to  be  in 
excellent  condition.  All  of  the  silver-plated  steel  retainers 
appeared  to  be  in  good  condition.  The  high- temperature  opera¬ 
tion  apparently  did  not  affect  the  plating.  There  was  no 
indication  of  loss  of  backlash  in  the  upper  planetary  gears  or 
in  the  input  bevel  set. 
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HST  in  test  stand  following  4.0-hour  -nergency 
lubrication  run,  left  side. 
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HST  in  test  stand  following  4.0-hour  emergency 
lubrication  run,  right  side. 
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Figure  49.  Temperature  of  upper  ring  gear  mesh  (thermocouple  27)  during  4. 
hour  emergency  lubrication  run. 
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Figure  51.  Temperature  of  inboard  triplex  bearing,  inner  ring  (thermocouple  38) 
during  4.0-hour  emergency  lubrication  run. 
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Figxire  52.  Temperatxire  of  outboard  triplex  bearing,  outer  ring  (thermocouple  36) 
during  4.0-hour  emergency  lubrication  run. 


TIME,  HOURS 

Figure  53.  Tem^rature  of  outboard  triplex  bearing,  inner  ring  Cthennocouple  40) 
during  4 . 0-hour  emergency  lubrication  run . 


Figvire  54.  Temperature  of  center  triplex  bearing,  outer  ring  (thermocouple  35) 
during  4 . 0-hour  emergency  lubrication  run . 
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Figure  57.  Temperature  of  bevel  gear  shaft  duplex  upper  bearing,  outer  ring 
(thermocouple  5)  during  4.0-hour  emergency  lubrication  run. 
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5.4.5  Detailed  Results  of  Visual  Post-Run  Inspection 

5 . 4 . 5 . 1  Upper  Mast  Ball  Bearing 

This  bearing  turned  freely  and  was  still  oily  when  removed  from 
the  transmission.  The  balls  were  not  discolored.  The  races  and 
the  retainer  appeared  to  be  in  excellent  condition. 

5. 4. 5. 2  Upper  Planetary  Assembly 

This  assembly  was  still  functional  when  removed  from  the  trans¬ 
mission  and  is  shown  in  Figure  65.  All  components  were  dry. 

-  The  upper  planet  pinion  was  spattered  with  coke  deposits 
but  otherwise  appeared  unharmed,  as  shown  in  Figure  66. 

-  The  upper  planetary  rollers  were  discolored  but  appeared 
to  be  unharmed,  as  shown  in  Figure  66. 

-  The  upper  planetary  retainers  appeared  to  be  in  good  condi¬ 
tion,  as  shown  in  Figure  66.  The  silver  plating  was  still 
complete  and  appeared  to  have  been  unaffected  by  the  high- 
temperature  operation. 

-  The  upper  planetary  thrust  washers  appeared  unharmed  and 
are  shown  in  Figure  66. 

5. 4. 5. 3  Upper  Planetary  Support  Bearing 

This  bearing  still  turned  and  was  functional;  however,  it 
appeared  that  the  52100  races  had  been  deformed  at  the  high 
temperatures.  The  bearing  did  not  turn  smoothly. 

5. 4. 5. 4  Upper  Sun  Gear 

At  first  glance  it  appeared  that  the  sun  planet  mesh  had  lost 
clearance,  since  there  was  a  pattern  on  both  sides  of  the  sun 
gear  teeth;  however,  further  investigation  (scotch  brite  and 
magnification)  revealed  that  neither  side  of  the  teeth  was 
damaged,  and  the  coast  side  pattern  was  typical  of  any  observed 
on  production  (used)  sun  gears.  Figure  67  shows  the  sun  gear 
as  removed  from  the  transmission. 

5. 4. 5. 5  Upper  Ring  Gear 

The  upper  ring  gear  exhibited  no  visual  damage,  as  can  be  seen 
in  Figure  68. 
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5. 4. 5. 6  Lower  Sun  Gear 


The  lower  sun  gear  failed.  No  external  teeth  remained  on  the 
failed  gear,  as  shown  in  Figure  69. 


5. 4. 5. 7  Lower  Ring  Gear 

The  lower  ring  gear  appeared  to  be  unharmed,  as  shown  in 
Figure  68. 

5. 4. 5. 8  Lower  Planetary  Assembly 

All  components  of  this  assembly  were  dry  when  removed  from  the 
transmission.  Figure  70  shows  the  removed  assembly. 

Figure  71  shows  the  lower  planetary  pinion  teeth,  which 
appeared  to  have  been  softened  and  deformed  at  the  high 
temperatures  and  then  reformed  by  the  ring  gear  following 
complete  failure  of  the  lower  sun  gear.  The  inside  diameter 
of  the  pinion  which  forms  the  outer  race  for  the  planetary 
rollers  had  about  a  .002-inch  step  where  the  M-50  rollers 
had  been  running.  The  inner  races  of  the  planetary  rollers 
also  had  a  step,  but  it  was  only  slightly  discernible. 

The  lower  planetary  rollers  were  discolored  but  appeared 
unharmed,  as  shown  in  Figure  71. 

The  lower  planetary  retainers,  shown  in  Figure  71,  appeared 
to  be  undcunaged.  The  silver  plating  was  still  complete  and 
appeared  to  be  unaffected  by  the  high  temperature  operation. 

Figure  71  shows  the  lower  planetary  thrust  washers,  which 
appeared  to  be  unharmed. 

5. 4. 5. 9  Lower  Planetary  Support  Bearing 

The  bearing  still  turned  and  was  functional;  however,  it  appeared 
that  the  52100  races  had  been  deformed  at  the  high  temperatures. 
The  bearing  did  not  turn  smoothly. 

5.4.5.10  Input  Gear  Shaft  Duplex  Bearing 

The  duplex  bearing  turned  tightly  while  it  was  still  installed 
in  the  204-040-362  Quill  Assembly.  When  the  bearing  was  removed, 
it  turned  freely  and  disassembly  of  the  bearing  itself  revealed 
no  visual  damage  other  than  discoloration  of  the  balls.  The 
-362  Quill  Assembly  was  probably  warped  as  a  result  of  the  high- 
temperature  operation.  Figure  72  depicts  this  duplex  bearing. 
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Figure  69.  Lower  sun  gear  following  4.0-hour 
emergency  lubrication  run. 


Figure  70.  Lower  planetary  assembly  following  4.0 
emergency  lubrication  run. 


-hour 


Lower  planetary  pinion,  retainer,  thrust 
washers,  rollers,  and  races  for  4.0-hour 
emergency  lubrication  run. 


Input  gearshaft  duplex  bearing  following 
4.0-hour  emergency  lubrication  run. 


5.4.5.11  Main  Input  Gear 

The  main  input  gear,  which  is  shown  in  Figure  73,  was  scored 
slightly  but  was  still  functional.  There  was  no  indication  of 
loss  of  backlash  and  no  indication  of  the  duplex  creeping. 

5.4.5.12  Main  Input  Pinion 

The  pinion  shown  in  Figure  74  was  slightly  scored  but  was  still 
functional.  There  was  no  indication  of  loss  of  backlash  and  no 
indication  of  the  triplex  creeping. 

5.4.5.13  Main  Input  Triplex 

The  balls  of  the  triplex  bearing  were  discolored,  but  otherwise 
the  bearing  appeared  to  be  unharmed,  as  can  be  seen  in  Figure 
75.  The  inner  and  outer  races  and  the  silver-plated  steel 
cages  looked  good. 

5.4.5.14  Main  Input  Pinion  Roller  Bearing 

The  rollers  of  this  bearing  were  discolored,  and  the  bearing 
did  not  turn  as  freely  as  when  installed.  However,  the  rollers 
and  races  appeared  to  be  in  good  condition  and  the  bearing  was 
still  functional. 

5.4.5.15  Main  Input  Seal 

The  contacting  edge  of  the  input  seal  lip  was  black,  indicating 
seal  deterioration.  The  seal  still  fit  fairly  tightly  on  the 
freewheeling  unit.  Figure  76  shows  the  deteriorated  seal. 

5.4.5.16  Freewheeling  Unit 

The  freewheeling  unit  was  functional  and  appeared  to  be  un¬ 
harmed.  It  was  dry  when  removed  from  the  transmission. 

5.4.5.17  Lower  Mast  Roller  Bearing 

This  bearing  was  not  discolored  and  turned  freely.  No  damage 
was  visible. 


5.4.5.18  Tail  Rotor  Drive  Input  Gear 

This  gear  looked  the  same  as  when  reinstalled.  It  was  still 
oily  when  removed  from  the  transmission.  This  area  was  free  of 
coke  deposits  unlike  the  areas  above  it. 


Main  input  gear  following  4.0-hour 
emergency  lubrication  run. 


Main  input  pinion  following  4.0-hour 
emergency  lubrication  run. 


This  gear  looked  the  same  as  when  It  was  reinstalled.  It  was 
still  oily  when  removed  from  the  transmission. 

5.4.5.20  Tail  Rotor  Drive  Bearings 

The  quill  assemblies  were  not  disassembled,  but  the  gears  turned 
freely  and  the  bearings  appeared  to  be  unharmed.  They  were 
still  oily  when  removed  from  the  transmission. 

5.4.5.21  Upper  Sump  Case 

The  upper  sump  case,  which  is  shown  in  Figure  77  showed  no 
effects  of  the  high  temperature  operation.  The  sides  of  the  case 
were  clean  and  not  coated  with  coke  deposits  as  were  the  upper 
cases.  The  aluminum  oil  deflector  skirt  was  still  bonded  secure¬ 
ly  to  the  case. 

5.4.5.22  Composite  Sump  Case 

The  composite  sump  case,  which  can  be  seen  in  Figure  78,  showed 
no  effects  of  the  high- temperature  operation.  No  delamination 
was  observed.  The  paper  gasket  which  was  installed  between  the 
upper  and  lower  sump  case  was  not  even  browned,  indicating  that 
temperatures  in  that  area  stayed  relatively  low.  Both  the  main 
pump  and  the  emergency  pump  were  functional  and  appeared  to  be 
unharmed.  205  ml  (.22  quart)  of  oil  remained  in  the  emergency 
sump,  and  1185  ml  (1.25  quart)  remained  in  the  main  sump.  This 
oil  could  not  be  pumped  since  the  level  of  the  oil  was  below  the 
pickup  screen  in  each  sump. 

5.4.5.23  Main  Support  Case 

Much  of  the  interior  of  the  main  support  case  was  coated  with 
coke  deposits.  The  paint  on  the  exterior  was  not  discolored. 

5.4.5.24  Main  Center  Case 

The  interior  of  the  main  case  was  coated  with  coke  deposits,  as 
can  be  seen  in  Figure  79.  Most  of  the  paint  on  the  exterior 
of  the  case  was  burned  and  discolored. 


5.4.5.25  Ring  Gear  Case 

Figure  80  shows  the  interior  of  the  ring  gear  case,  which  was 
coated  with  coke  deposits.  The  paint  on  the  exterior  of  the 
case  had  burned  off.  Five  nuts  on  the  ring  gear  case  lower 
flange  and  two  nuts  on  the  ring  gear  case  upper  flange  had 
split  and  dropped  off  the  bolts. 
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Figure  80.  Ring  gear  case  following  4.0-hour 
emergency  lubrication  run. 


Figure  79.  Main  center  case  following  4.0-hour 
emergency  lubrication  run. 
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5.4.5.26  Top  Case 


The  interior  of  the  top  case  was  coated  with  coke  deposits, 
and  the  paint  on  the  exterior  was  burned  and  discolored. 

5.4.5.27  Mast 

The  portion  of  the  mast  which  is  housed  within  the  transmis¬ 
sion  case  was  coated  with  coke  deposits.  Otherw’.se  the  mast 
appeared  unharmed. 


6.0  DISCUSSION  OF  RESULTS 

Throughout  all  phases  of  testing,  the  outer  races  of  the  in¬ 
put  triplex  bearing  were  hotter  than  the  inner  races.  This 
bearing  performed  as  designed  for  normal  operation  and,  at  the 
elevated  temperatures  of  dry  running,  maintained  adequate 
clearance.  Two  factors  were  involved  in  causing  the  outer 
races  to  remain  hotter  than  the  inner  races:  the  change  in 
the  outer  race  curvature,  and  the  fact  that  lubricant  was 
flowing  up  through  .the  input  pinion  and  through  the  inner 
races  of  the  triplex  into  the  bearing.  The  exact  contribution 
of  each  of  these  factors  to  the  success  of  the  triplex  bearing 
cannot  be  conclusively  established  without  further  testing; 
however,  it  should  be  noted  that  during  dry  operation  when  no 
oil  was  circulating  up  through  the  pinion,  the  outer  races 
continued  to  run  hotter  than  the  inner  races. 

Figure  25  shows  stabilized  temperatures  for  the  transmission 
running  at  6600  input  rpm  and  minimum  input  horsepower  under 
normal  lubrication  with  no  oil  cooler.  Figure  26  shows  sta¬ 
bilized  temperatures  for  the  transmission  running  at  6600  in¬ 
put  rpm  and  minimum  input  horsepower  on  emergency  lubrication 
(which  of  course  is  without  benefit  of  an  oil  cooler).  Thus, 
the  only  difference  between  the  two  test  runs  of  Figures  25 
and  26  is  in  the  amount  of  oil  being  circulated  and  the  number 
of  oil  jets  operating.  Without  exception,  the  temperatures 
recorded  for  the  emergency  lubrication  run  were  lower  than 
those  for  the  normal  lubrication  without  oil  cooler  run.  This 
of  course,  was  due  to  the  fact  that  with  the  lesser  amount  of 
circulating  oil  (2  gpm  versus  10  gpm)  there  were  less  losses 
due  to  windage  and  churning  and  thus  lower  temperatures.  It 
must  be  remembered  that  these  two  test  runs  were  minimum  input 
horsepower  runs;  however,  the  comparison  of  the  two  runs  im¬ 
plies  that  if  the  amount  of  lubricant  circulating  in  normal 
operation  could  be  reduced  while  still  maintaining  adequate 
lubrication,  the  efficiency  of  the  transmission  could  be 
increased. 


Figure  81  shows  a  plot  of  inlet  oil  temperature  versus  the  oil 
temperature  rise  across  the  transmission  (which  is  identical  to 
the  temperature  drop  across  the  oil  cooler,  AT)  for  950  input 
horsepower  and  1134  input  horsepower  with  the  standard  mast 
installed  in  the  transmission.  Figure  23  shows  a  similar  plot 
for  950  input  horsepower  with  the  stubbed  mast  installed.  The 
plot  of  Figure  81  for  950  horsepower  indicates  that  if  the  oil 
cooler  were  lost  completely  (for  example  due  to  ballistic  dam¬ 
age)  ,  the  transmission  would  stabilize  at  an  oil-in  temperature 
of  approximately  325°F.  This  utilizes  the  questionable  data 
point  of  Phase  II-l  step  4  discussed  previously;  however,  this 
data  point  fits  well  the  curve  dictated  by  the  other  data 
points.  Nevertheless,  a  stabilized  oil-in  temperature  of  325°F 
under  normal  lubrication  with  no  cooler  appears  to  be  somewhat 
low  since,  as  will  be  discussed  later,  under  emergency  lubrica¬ 
tion  in  which  there  are  less  windage  and  churning  losses  as  a 
result  of  less  circulating  oil,  the  recorded  data  indicate  that 
the  transmission  oil-in  temperature  would  stabilize  at  this 
same  temperature  of  325°F.  Test  results  of  Phase  1-3  step  1 
and  step  3  showed  that  at  minimum  input  horsepower,  there  was 
27°F  difference  in  the  stabilized  inlet  oil  temperatures  of 
normal  lubrication  running  with  no  cooler  and  emergency  lubrica¬ 
tion  running.  Still  it  would  seem  safe  to  estimate  that  under 
normal  operation  with  no  cooler  at  950  input  horsepower,  the 
oil  temperature  would  stabilize  below  360”F  on  a  100°P  day.  In 
addition  to  this,  extrapolation  of  the  curve  shown  in  Figure  32 
indicates  that  it  would  take  more  than  1  hour  to  reach  the  sta¬ 
bilization  temperature. 

The  4 -hour  emergency  lubrication  test  run  of  the  high  sur- 
vivable  transmission  was  divided  into  four  distinct  phases 
of  operation,  with  each  phase  lasting  approximately  1  hour. 

This  can  be  seen  clearly  in  the  plot  of  the  hottest  monitored 
component  in  Figure  82.  During  the  first  phase  (first  hour) 
of  operation,  the  transmission  ran  with  the  emergency  lubrica¬ 
tion  system  supplying  sufficient  oil  to  the  gear  teeth  and 
rolling  bearing  contacts  for  both  lubricity  and  cooling.  The 
temperatures  rose  slowly  and  began  to  approach  stabilization 
around  380°F;  then  the  emergency  system  began  to  run  out  of 
oil  and  the  second  phase  (second  hour)  of  operation  started. 

The  second  phase  appears  to  be  a  transition  from  lubricated 
and  cooled  contacts  to  just  lubricated  contacts.  During  this 
period,  the  vehicle  for  carrying  the  heat  from  the  contacts  to 
the  case  walls  changed  from  oil  to  vapor,  which  dictated  the 
search  for  a  higher  stabilization  temperature.  During  the 
third  phase  (third  hour)  of  operation,  stabilization  at  approx¬ 
imately  475°F  was  attained.  During  this  period,  the  cases  had 
become  hot  enough  that  they  were  now  able  to  tramsfer  virtually 
all  of  the  heat  being  generated  by  the  transmission.  A  small 
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Figure  81.  Oil  cooler  requirements  of  HST  with 
standard  mast  at  950  horsepower  and 
1134  horsepower. 
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Figure  82.  Plot  of  hottest  monitored  component  during 
HST  emergency  lubrication  test. 


quantity  of  the  generated  heat  was  being  dissipated  through 
the  evaporation  of  the  oil  that  remained  on  the  components. 

It  is  surmised  that  during  this  third  phase,  an  oil  film  still 
existed  on  all  the  gear  teeth  and  rolling  bearing  contacts  to 
maintain  a  low  coefficient  of  friction.  It  is  further  sur¬ 
mised  that  the  heat  generated  by  the  transmission  during  the 
third  phase  was  at  a  minimum  for  this  power  level,  since  there 
was  only  enough  oil  for  lubricity  and  no  excess  available  for 
churning  losses  and  for  increasing  the  internal  atmospheric 
density  to  make  the  windage  losses  significant.  Finally,  the 
fourth  phase  (fourth  hour)  of  operation  was  entered.  During 
this  phase,  enough  oil  had  evaporated  that  metal-to-metal 
contact  resulted  in  some  places,  causing  the  coefficient 
of  friction  to  increase.  This  led  to  much  more  heat  genera¬ 
tion  which  caused  more  oil  evaporation  and  thus  more  metal-to- 
metal  contact.  Temperatures  rose  rapidly,  and  after  exactly 
4  hours  of  testing  all  torque  was  lost  due  to  the  gear  teeth 
being  stripped  off  the  lower  sun  gear. 

Two  apparent  conclusions  may  be  drawn  from  Figures  40  and  82. 

The  first  is  that  the  transmission  could  have  run  for  an  indef¬ 
inite  period  of  time  at  a  stabilized  oil  temperature  of  approx¬ 
imately  325°F  with  the  temperaturg  of  the  hottest  monitored 
component  not  exceeding  about  400  F,  had  the  emergency  supply  of 
oil  not  been  lost.  (It  is  presumed  that  most  of  the  oil  leaked 
out  through  the  inpht  seal.)  This  conclusion  assumes  that  there 
would  be  no  reduction  in  life  due  to  the  decrease  in  hardness 
and  strength  of  the  carburized  gears,  the  52100  bearings,  and 
the  magnesium  cases  and  due  to  the  degradation  of  the  oil. 

The  second  apparent  conclusion  which  may  be  drawn  from  Figures 
40  and  82  is  that  at  least  2  hours  of  operation  (the  third  and 
fourth  phases)  after  the  loss  of  normal  lubrication  could  have 
been  achieved  without  the  assistance  of  the  emergency  lubrica¬ 
tion  system.  Before  any  firm  decisions  are  based  upon  either 
of  the  two  conclusions  offered  above,  the  following  questions 
must  be  addressed: 

1.  Can  the  equilibrium  condition  attained  at  approximately 
475°F  in  phase  three  be  reached  without  the  assistance  of 
the  emergency  lubrication  system  unless  the  gear  teeth 
clearances  in  both  planetaries  and  the  input  bevel  set 

are  increased?  The  emergency  lube  system  has  been  credited 
as  having  allowed  all  the  components  in  the  transmission 
to  approach  a  temperature  of  approximately  400°F  without 
any  appreciable  loss  in  clearances,  thus  allowing  much 
higher  temperatures  to  be  reached  before  clearances  were 
lost. 

2.  What  effect,  if  any,  did  oiling  the  triplex  bearing  through 
slots  in  the  inner  races  have  on  the  difference  in  tem¬ 
perature  between  the  outer  and  inner  races?  Calculations 
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show  that  the  change  in  outer  race  curvature  from  52%  to 
54%  should  force  ball  control  to  the  inner  races,  thus 
generating  less  heat  there  than  on  the  outer  races.  To 
confirm  that  this  is  definitely  the  case,  this  test  would 
have  to  be  run  again  without  jetting  any  oil  into  the  in¬ 
put  bevel  pinion  for  inner  ring  cooling  of  the  triplex 
bearing. 

3.  Could  similar  results  have  been  obtained  using  MIL-L-7808 
oil  rather  than  MIL-L-23699  oil?  Since  the  evaporation 
rate  at  475°F  of  7808  oil  is  over  three  times  that  of 
23699,  it  would  seem  that  phases  2,  3,  and  4  in  Figure  82 
would  be  considerably  shortened  if  7808  oil  had  been  used. 

4.  How  sensitive  are  phases  2,  3,  and  4  to  the  power  level  at 
which  the  test  is  run?  This  and  other  tests  have  indicated 
that  certain  gearboxes  can  be  operated  for  very  long 
periods  of  time  following  the  loss  of  oil,  providing  the 
power  level  is  only  about  0  to  25%  of  maximum  continuous 
power.  One  of  the  emergency  lube  response  runs  during  this 
test  was  made  at  1134  horsepower  (100%  maximum  continuous 
power) .  At  the  end  of  the  12-minute  test  run,  the  transmis¬ 
sion  oil  temperature  was  290°F,  which  was  only  about  10°F 
higher  than  that  measured  during  similar  response  test  runs 
at  950  horsepower  (85%  maximum  continuous  power) .  This 
indicates  that  the  transmission  can  operate  at  100%  maximum 
continuous  power  indefinitely  on  the  emergency  lube  system 
at  a  stabilized  oil  temperature  of  approximately  350°F. 

This  assumes  no  reduction  in  life  due  to  the  decrease  in 
hardness  and  strength  of  the  carburized  gears,  the  52100 
bearings,  and  the  magnesium  cases,  due  to  the  degradation 

of  the  oil.  Although  it  appears  very  favorable,  whether 
or  not  the  transmission  can  indeed  operate  for  30  minutes 
after  the  loss  of  oil  at  100%  maximum  continuous  power 
could  be  determined  only  by  test. 


7.0  CONCLUSIONS 

The  HST  test  program  led  to  the  following  conclusions. 

1.  The  HST  design  is  more  than  adequate  to  provide  60  minutes 
of  operation  following  the  loss  of  the  normal  lubrication 
system.  The  test  results  indicate  that  the  transmission 
would  have  operated  indefinitely  at  a  stabilized  oil 
temperature  of  approximately  3250f  if  the  emergency  oil 
had  not  lealced  past  the  input  seal. 

2.  In  the  event  of  the  loss  of  the  full  effectiveness  of  the 
oil  cooler  (this  could  be  due  to  loss  of  the  blower) ,  the 
HST  would  continue  to  operate  on  normal  lubrication  at  a 
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somewhat  higher  stabilized  oil  temperature  without  serious 
transmission  degradation.  The  tests  show  that  if  the  oil 
cooler  were  capable  of  transferring  enough  heat  to  cool  the 
incoming  oil  4°F,  the  transmission  could  operate  at  950 
input  horsepower  at  a  stabilized  oil  temperature  of  approx¬ 
imately  300°F.  In  the  event  of  total  loss  of  the  oil 
cooler  effectiveness  at  950  input  horsepower,  the  oil  tem¬ 
perature  would  rise  slowly,  and  the  test  results  indicate 
that  after  60  minutes  the  oil  temperature  would  still  be 
below  350Of. 

3.  The  4-hour  emergency  lubrication  run  indicates  that  the 
HST  could  operate  60  minutes  or  longer  after  the  loss  of 
normal  lubrication  without  the  benefit  of  the  emergency 
lubrication  system,  providing  clearances  were  maintained 
in  the  planetaries  and  the  input  bevel  gear  set.  The 
emergency  lubrication  system  was  credited  with  maintaining 
these  clearances  during  the  tests  of  this  program.  It  is 
important  to  note  that  the  transmission  tested  had  no 
additional  clearances  ground  in  the  planetaries  or  the  in¬ 
put  bevel  set.  The  backlash  on  the  input  bevel  set  was 
the  maximum  blueprint  allowable,  but  this  was  by  chance 
and  not  by  design. 

4.  The  redesign  of  the  input  triplex  bearing  by  changing  the 
outer  race  curvature  from  52%  to  54%  was  the  primary  cause 
of  an  increase  in  internal  clearance  instead  of  a  decrease 
during  the  test.  Another  factor  that  may  have  aided  in 
maintaining  cooler  inner  races  than  outer  races  was  that 

the  bearing  was  receiving  lubricant  through  the  input  pinion. 
Just  how  effective  the  inner  ring  cooling  was  could  not  be 
determined  during  this  test  program. 

5.  The  silver-plated  steel  retainers  used  in  most  all  of  the 
bearings  for  the  HST  performed  very  well  even  at  the 
elevated  temperatures. 

6.  The  results  of  this  test  program  imply  that  the  amount  of 
circulating  oil  within  the  transmission  could  be  reduced 
significantly  with  a  corresponding  increase  in  transmission 
efficiency  and  with  no  detrimental  effects. 


8 . 0  RECOMMENDATIONS 

The  following  recommendations  are  made  for  future  applications 
of  the  concepts  developed  during  this  program. 

1.  A  test  program  similar  to  the  one  conducted  under  this 
contract  should  be  performed  on  two  more  transmissions 
assembled  with  the  HST  modifications  to  establish  that  the 
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success  of  the  transmission  tested  here  was  not  a  random 
one.  Future  testing  should  be  done  using  a  radial  carbon 
seal  in  the  main  input  quill  to  prevent  premature  loss  of 
the  emergency  oil  supply. 

2 .  Additional  testing  should  be  done  to  investigate  whether 
or  not  60  minutes  of  operation  after  the  loss  of  normal 
lubrication  could  be  achieved  with  a  transmission  modified 
with  all  of  the  HST  modifications  except  the  emergency 
lubrication  system.  Included  in  this  investigation  should 
be  a  determination  of  whether  backlash  in  the  planetaries 
and  the  input  bevel  gear  set  would  need  to  be  increased  to 
achieve  the  60-minute  goal  with  no  emergency  lubrication. 

3.  Further  testing  of  the  modified  input  triplex  bearing 
should  be  done  to  determine  if  the  outer  race  cur¬ 
vature  change,  and  not  the  lubricant  being  supplied 
through  the  inner  race,  was  responsible  for  the  excellent 
operating  temperature  characteristics  exhibited  by  the 
bearing  throughout  this  test  program. 

4.  An  investigation  should  be  undertaken  to  determine  whether 
or  not  the  amount  of  circulating  lubricant  in  the  transmis¬ 
sion  could  be  reduced  and  still  supply  proper  lubrication 
and  cooling.  Reducing  the  amount  of  circulating  lubricant 
would  result  in  less  transmission  losses  due  to  windage 
and  churning,  and  thus  result  in  more  efficient  transmis¬ 
sion  operation. 
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